Transmembrane proteins are macromolecules implicated in major biological process and diseases. Due to their specific neighborhood, few transmembrane protein structures are nowadays available. The building of structural models of transmembrane proteins is a major research area. Due to the lack of available 3D structures, automatic homology modeling is not an efficient way to propose pertinent structural models. Hence, most of the structural models of transmembrane proteins are done through a more complex protocol. This latter comprises the use of secondary structure prediction to complete the comparative modeling process.
i. Summary / abstract
Transmembrane proteins are macromolecules implicated in major biological process and diseases. Due to their specific neighborhood, few transmembrane protein structures are nowadays available. The building of structural models of transmembrane proteins is a major research area. Due to the lack of available 3D structures, automatic homology modeling is not an efficient way to propose pertinent structural models. Hence, most of the structural models of transmembrane proteins are done through a more complex protocol. This latter comprises the use of secondary structure prediction to complete the comparative modeling process.
Then, refinement and assessment steps are performed go often to a novel comparative modeling process. Nowadays, it is also possible to take attention to the helix -helix and helix -lipid interactions, and, to build even quaternary structures. In all cases, the taking into account of experimental data is the most important factor to proceed to correct structural models.
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Introduction
Transmembrane protein represents about ~25% of proteins coded by genomes. They are composed of two major classes: all-, e.g. rhodopsin and all-, e.g., Outer Membrane Proteins. They are the support of essential biological functions as receptors, transporters or channels. They are embedded in lipid membrane that constitutes a very specific neighboring.
Due to this particularity, the obtaining of experimental 3D transmembrane structure is a hard case. The total number of transmembrane proteins in the Protein DataBank [1] is limited, comprising ~1% of available structures [2] . The design of structural models becomes an important axis of research. Indeed, more than 2/3 of the marketed drugs targets a transmembrane protein and 50% specifically a GPCR [3] . Thus, most of the time is not possible to work with an experimental structure, and, so 3D structural models are an important research fields for understanding biological mechanisms and interactions [4] .
We present in this chapter the classical pipeline to build 3D structural models. The most common way to propose 3D structural models is based on a comparative modeling process coupled with transmembrane segment predictions. Nonetheless, the principle goes far beyond the classical homology modeling as often the target structure is not directly related to the query sequence, i.e., it is not possible to simply align the sequence of the protein queries and targets. Thus, it is an iterative process mainly based on -when possible-multiple sequence alignments, bibliographic and web researches, molecular refinement, helix -helix and helixlipid interaction prediction tools. Two papers can be read to have pertinent examples of such approach [5, 6] .
The chosen structural models must encompass most of the biochemical features and reflect the known experimental data. They may be used to analyze functional interaction properties.
Materials
A recent correct computer with internet is sufficient. Numerous software programs are available on-line, but some must be locally installed. Most of these software programs can be used with Windows Operating System (OS) while few works only with Linux OS.
Tables 22.1 to 22.3 summarize some of the available tools that can be used, e.g., the secondary structure and interaction prediction methods. Updated and additional links could be found at http://www.dsimb.inserm.fr/~debrevern/TM/index.html.
Methods
The main principle of the approach is described in Figure 22 .1. A first step consists in the true knowledge of the protein of interest (POI). Three complementary approaches are important: multiple sequence alignment, bibliographic and on-line research, and, secondary structure prediction. Then, the alignment of the POI (query) sequence with a (target) sequence of a protein with an available (template) 3D structure must be done. This information is sufficient to build protein structures thanks to comparative modeling approach. Different structural models are obtained. They must be refined and evaluated. Corrections must so be done to the original alignment until a structural model is found interesting. Then, many approaches can be performed to go deeper into the protein structural models (see the other chapters).
3.2 Sequence analyses: multiple sequence alignment and bibliographic researches.
1. The correct sequence of the (query) POI must be found. When alternative splicing or mutants are common, a careful attention must be taken to select the right sequence. The expasy server (Uniprot) is a famous web server as it is highly manually curated.
[ 3. In this second step, related sequences must be found to analyze evolutionary information. The search is so done on the Uniprot and on non-redundant databank of NCBI.
As PSI-BLAST can take very redundant sequences and also select short sequences, the researcher must carefully selected interesting proteins. The NCBI web service of PSI-BLAST is well conceived for such pruning schema (see Note 1).
4. As PSI-BLAST has been not created to optimally align sequences, but to search related sequences to a query one. The selected related proteins must then be aligned into a multiple alignment with dedicated software like Clustalw, T-coffee or Muscle. It allows locating conserved and non conserved regions of the protein sequences, i.e., more selective pressure can be expected to conserved regions. They are important for the protein fold / function. At the opposite, non conserved regions can be potentially more flexible. A phylogenetic approach -with a dendogram-is an efficient way to analyze the raw data (see
Note 2).
5. A bibliographic research on the POI is obvious, but it is also important to search information on related protein sequences. In the same way, a good knowledge of related protein folds is essential. For this purpose, dedicated transmembrane protein websites, e.g.,
Stephen White, PDBTM and OMP, have a lot of pertinent information, both for the specialists and non-specialists. If the protein is a GPCR, GPCRdb is also an interesting tool to obtain information of this kind of protein.
6. Biological and experimental data are essential to build pertinent structural models.
Summarize the biological data is one Table with the amino acid position, its kind and the corresponding biological property(ies) (e.g., see Table 1 of [5] ) (see Note 3).
Of helices and transmembrane segments.
[ Table 22 .2 here] 1. Table 22 .2 summarizes different and recognized transmembrane secondary prediction methods. These web services are based on different approaches (hydrophobicity, sequence alignment, artificial neural networks …) and on different protein structure databanks (ranging from the oldest one to the most recent ones). The principle is to put the sequence in a form and wait for the results.
2. Results can be given in very different ways ranging from the simple delimitation of the transmembrane repetitive secondary structure to the localization of extra-and intracellular loops and even a confidence index to the quality of the predictions (see Note 4).
3. As the number of available transmembrane protein structure is limited the predictions rate are to be taken carefully when no homologous sequences is associated to a known structure. Summarize the result is one Table ( e.g., see Table 2 of [5] ). The high number of different approaches allows finding average helix number and positions; they will serve to start the comparative modeling. Bibliographic data could also eliminate a method which seems inadequate for this protein, e.g., a method which misses half of the helices. In the same way, the confidence index can explain quantitatively why some regions are predicted very differently by the prediction methods. Indeed, some regions are hard-to-predict and require a special care (see Note 5).
4. An interesting point is to predict the secondary structure of the target structure, i.e., the structure of the sequence that will be aligned with the query sequence. It permits to look at the behaviors of each secondary structure prediction methods.
Comparative modeling and other approaches.
1. Some web services able to propose structural models are available, e.g., Homer, consensus, Proteus 2 or HOMA. As the other web services, the sequence must be put in a form. Numerous methods are not dedicated to transmembrane proteins and cannot find correct transmembrane models. Nonetheless, they must be tried as they can give some hints about the compatibility folds.
2. Comparative modeling can be done with Modeller software. This latter is the most known and most used homology modeling software. It used an alignment between one query and one target sequence; the target sequence must have a known available (template) structure. The crucial part is so the quality of the alignment. Concerning our purpose, it is also the converging of repetitive secondary structure. 3. Modeller needs this alignment, but also the corresponding template structure and a simple script which summarizes all these information. The template structure needs to be strictly equivalent to the sequence of the structure, i.e., the sequence present in the PDB file. 5. It is often interesting to explicitly add constraints on TRSSs, i.e., to add in the script the position of TRSSs to force the conservation of repetitive structure in the generated models. In the same way, constraints on known disulfide bridges or distances between residues lead to enhanced structural models. In Figure 22 .4, the disulfide bond constraint has been added (class MyModel) for disulfide bonds 51-276 and 129-195 (see Note 7).
Structural models
: assessment and refinement.
1. Modeller or equivalent approaches are quite good to define a correct topology.
However, the structural models must be refined to obtain a better geometry. Thus, a first step often consists in selecting few models from the generated ones. It is possible to only look at the objective and DOPE functions given by Modeller for each of the generated models.
Nonetheless, these functions can be used carefully as they were not fully tested with transmembrane proteins. Moreover, these functions can be highly sensitive to flexible regions.
For instance, the DARC protein has a long flexible region [5] , namely ECD1, these functions were only underlining the different conformations of this loop (only 20% of the protein). It was not discriminating (see Note 8).
2. Side-chains must be replaced thanks to a performing method, e.g., SCWRL.
3. A minimization of the generated structural models is also a good requirement. The most powerful software today is Gromacs (see next chapter for details).
4.
Then, A precise analysis of the models must be performed. Visualization of the protein structures with dedicated software, e.g., rasmol, PyMol or VMD, is a first obligated step.
Recognition of different types of errors in 3D models can be done by different
software, e.g., Verify 3D or Prosa. They are based on sequence -structure relationship statistics deduced from non-redundant databank. Moreover, no equivalent method is available for transmembrane proteins. Thus, only geometry of the structural models can be checked, e.g., atom distances, angle values … The most-used dedicated software are ProCheck and Whatcheck. It gives numerous values with summaries. It can highlight part of the structural models with wrong geometry or particular residues with a strange conformation. An important point is also to look at the target structure. Indeed, the template structure can have already some local un-canonical conformation.
6. The chosen structural models must encompass most of the biochemical features and reflect the known experimental data. If experimental data have shown that some residues are accessible, they must be found accessible in the selected models. Otherwise, the alignment must be corrected and the process of comparative modeling and analyses done again. For instance, the building of DARC [5] has needed 10 consecutive rounds with manual corrections of the alignment (see Note 9).
Other information can be used (see the paragraphs below).

Helix -helix interactions.
[ Table 22 .3 here]
1. Interaction between helices are well-described for globular proteins while for transmembrane some interesting works have been published. To have an idea of the interaction zones between helices is a major advantage to propose pertinent structural models. Table 22 .3 shows the available methods of helix -helix and helix -lipid interactions. [7] has shown the possibility to compute the compatibility between two helices and deduced rules. Specific researches have quantified these compatibility statistics. In this limited field, kPROT is the most renowned approach.
A very elegant research
Nonetheless, it is not reachable for some times. Other approaches are not fully automated and so researchers need a strong background in bioinformatics to deal with this kind of approach.
Helix -lipid interactions.
1. These interactions are also essential for the protein folding and biological functions.
It was less analyzed than helix -helix interactions, but nowadays, the number of available methods is higher than for helix -helix interactions. Often, e.g., LIPS, they also provide hints to regions of interaction with other helices.
2. For LIPS, a multiple sequence alignment must be given, but the alignment concerns only one helix and must not contain one gap. So an important work is required to prepare the data.
3. The web server gives as a result not a single result, but the quantification of each possible face (7) . Thus, a careful research of correspondence between these predictions and the selected structural models can be performed to improve the quality of the models.
Of loops and mutants.
1. Specific research can be done on extra-and intra-cellular loops. It is especially interesting in the case of GPCRs. Indeed, it is a common hypothesis that the 7 transmembrane helices have a strong conservation among its entire fold. This hypothesis is strongly supported by biochemical, biophysical and biological experiments. Hence, a major divergence between the GPCRs is the conformation of loops. A database like ArchDB can be use to select (manually) some alternative potential conformations. Then, a building of an alternative conformation can be generated thanks to comparative modeling.
The simplest approach is to use the selected models as the query and the template. In the target sequence, place gaps at the position of the loops. In the example of Figure 22 2. Another potentiality of in silico building of transmembrane protein structural models is the proposition of "supervised" mutants. As the final selected models reflect the biological data, an analysis of the surface underlines the important positions. It is possible to mutate in silico the residues (a specific class exist in Modeller) and analyze a possible consequence of this mutation. A simple idea is to observe the electrostatic properties of the protein.
Electrostatic potential mapped on the molecular surface can be coarsely done with SwissPdbViewer (aka DeepView) from SwissModel. It allows ranking of the mutation to be proposed.
3. Quaternary structures can be computed in silico. Two approaches exist: (i) from a known available complex, or (ii) by docking. For the first possibility, it consists -roughly-in the comparative / homology modeling of the different partners. The hypothesis is that the interaction regions re conserved and so must be also in the structural model complex. The second case is most common. If the protein complex is an homomer with a known symmetry, it is a constraint that can be directly used during the comparative modeling approach.
Otherwise, each partner must be build and docking approach must used. As for the building of one protein structural model, the building of a complete quaternary structure is greatly enhanced if biological data are included. 2. With a pertinent multiple sequence alignment, it is also possible to locate important residues in related sequences. These positions can be used as biological constraints, the most important ones.
Notes
3. Summarize the data with Tables, for the prediction and for the important residues.
Note than a mutation abolishing a binding, an interaction is not always directly at the binding site, but it can also be a crucial residue implicated in the maintaining of the fold (Important is not always accessible).
4. The prediction index is a great tool to analyze the difficulty of prediction. Some regions are clearly repetitive structures embedded in the bilayer or loop swimming in water while others are complicated. These latter must be carefully checked at each step of the process.
5. As the number of available protein structure is quite low, it is very important to analyze properly the known folds and the rules [8] that govern this kind of protein folds.
However, do not follow blindness the common features of transmembrane proteins. For instance, Tryptophan is known to be preferred at the lipid water interface, but often also it is not the case.
6. Multiple structural models must be done to find at least a pertinent one. In the same way, the testing of alternative alignment is an essential task. Another interesting approach is to predict also structural models of related proteins. In the same way, if one structural model of a related protein is available, it can be used as a structural template.
7. Proline and kinks in repetitive structures are always a problem. For instance, rhodopsin as 3 kinked helices, and the K+ channel one essential ones.
8. N and C termini regions of the transmembrane protein can be long fragments. In this case, it is possible to use classical methods available on the web, e.g., Proteus 2, and use the results as novel template only for one part of the template (see paragraph 3.8). In the same way, the use of multiple templates is an excellent tool to sample the potential conformations of the structural models.
9. As presented in this chapter, it must be noticed that the building of a pertinent transmembrane protein structural model is mainly a manual approach and that the most important constraint is the biological (experimental) one. 
